Introduction
Recent publications suggest that the use of stable isotopes of N and O in atmospheric N20 and its sources may better Nitrous oxide (N20) is a greenhouse gas primarily produced by bacteria in soils and oceans during the processes of constrain the global N20 budget [Cliff and Thiemens, 1997; show that the largest losses of N20 for the entire planting cycle occur during the irrigation period following the first fertilization. We selected this time period for our study. Overall loss of fertilizer nitrogen from fertilization to harvest (as N2, N20, NO, NH3 volatilization, and NO3' leaching) can be as high as 28% [Matson et al., 1998 ]. tration in soils, and the isotopic composition of these nitrogenous species. Integrated soil samples were taken across the beds (4 cm long x 50 cm wide x 5 cm depth) so as to average the total nitrogen content per bed (see Figure 1) . A previous study has shown that N concentrations vary significantly across the beds (J. I. Ortiz-Monasterio, personal communication, 1998). Soil samples were collected at the same time each day (1030 to 1130 local time). Soil temperatures were measured using a thermocouple at 3 cm depth. Approximately 200 grams of homogenized soil were weighed and oven dried at 105øC for 48 hours. After that time the samples were weighed again and gravimetric water content was determined by weight loss. Bulk density values (0-15 cm) were obtained previously by collecting soil sample cores from 5 to 10 cm depth (J. I. Ortiz-Monasterio, personal communication, 1998). The values used are 1.11 g cm '3 (beds) and 1.21 g cm -3 (furrows). We extracted soluble N on the day of soil collection. An aliquot of 10 g of soil was added to 100 mL of 2 M KC1, shaken for 1 min, and left at room temperature to equilibrate for 24 hours [Matson et al., 1996] . The solution was filtered with a KC1 prewashed Whatman 42 filter and stored at 4øC prior to analysis for NH4 + and NO3' at the University of California Irvine (UCI). Concentrations of NH4 + and NO3-were determined using the salicylate-hypochlorite and modified Griess-Illosvay methods, respectively [Mulvaney, 1996] . Reported NO3' concentrations are the sum of NO3' + NO2'. Both ions were measured using a spectrophotometer (HACH DR/2010).
Fertilization and
3.2.2. Total carbon and nitrogen content. Soil samples taken every day from 0-5 crn depth were dried at 60øC for 24 hours. Samples were sieved and milled, and total carbon and nitrogen content was determined by combustion using a Fisons 5200 elemental analyzer. Nitrogen content analyzed this way is the sum of organic and inorganic N. Measurements are reported in mg N kg '• dry soil. Soil water content regulates the redox condition in soils and hence controls the degree to which nitrification (an aerobic process) and denitrification (an anaerobic process) can occur. In addition, the NO and N20 emitted from soils are generally assumed to be derived primarily from nitrification and denitrification, respectively. Hence N20/NO emission ratios <1 are usually observed when soils are mesic or dry (WFPS <0.65) and nitrification is the dominant process, while high N20/NO ratios indicate more anaerobic conditions at higher soil water content (WFPS >0.65)with denitrification the dominant process [Davidson, 1993] . Our N20 and NO emission results (Figure 2b) show a dramatic decrease in the N20/NO ratios over the 2-week period following irrigation (values dropped from 42 on day 1 to 1.1 on day 3 and decreased to <0.57 during the 2rid week following irrigation). These results suggest that denitrification was an important source of N20 only for the first 2 to 3 days following irrigation, while nitrification was the dominant source of N20 after the 5th day. Soil conditions measured during the same time suggest anaerobic soil conditions continued through about day 5 (when 0-10 cm WFPS decreased to 0.6; at the end of the 2-week period it was 0.46; see Figure 2e ). Both proxies suggest that the primary N20 source shifts from denitrification in the first few days to nitrification following the 5th day after irrigation; the 2-day period between days 3 and 5 when WFPS is high but nitrification appears to be the dominant N20 source could be explained if the first few centimeters of the soil dried more than the deeper layers. Panek et al. [2000] analyzed the same soils and fertilization procedure using an 15N labeling technique and found that the emitted N20 was produced equally by denitrification and nitrification during the 1st week and nitrification during week 2. Our interpretation based on N20/NO ratios agrees with that of Panek et al.
[2000].
Reconciling Stable Isotope Data With Other Proxies for Nitrification and Denitrification
Our interpretation of the processes responsible for N20 emissions from soils during the 2 weeks following irrigation based on stable isotope data (section 5.1) clearly does not always agree with interpretations based on other proxies such as the N20/NO ratio and WFPS (see section 5.2). The isotope data suggest that nitrification is the most important source of N20 during the 1st week following irrigation (with the exception of some denitrification the 1st day), followed by denitrification as the dominant N20 source during week 2. In contrast, N20/NO ratios suggest that denitrification is as important a source of N20 as nitrification during the first few days following irrigation, while nitrification dominates after about day 5. The apparent inconsistency of the interpretations based on stable isotopes and other indicators of nitrification and denitrification can be reconciled if (1) nitrification is taking place throughout the experiment at the soil-air interface where drying or equilibration allows aerobic microbial activity, while denitrification becomes increasingly important at depth in the soil where WFPS remains high; or (2) nitrification continues to be the most important process producing N20 during the whole 2-week period, but the enrichment factors for nitrification increase with progressively limiting substrate availability (NH4+).
The first explanation relies on vertical separation of nitrification and denitrification in the soil column. We suggest that nitrification is the major source of N20 emitted during the first week following irrigation, in accord with the isotope measurements. Drying of the very top of the soil, or rapid equilibration with atmospheric 02 at the air-soil interface, will al- During the 2nd week after irrigation, the isotope data suggest denitrification as the major source of N20, but NO emissions are the highest observed for the 2-week period. We sug- [2000] suggested that nitrification was the dominant process producing N20 during week 2, their labeling study was done at the soil surface and does not account for processes occurring deeper than 10 cm. We conclude that N20 emitted during the 1st week after irrigation is mostly derived from nitrification and is produced near the soil surface, while N20 emitted during the 2nd week derives from denitrification in deeper soil layers where anaerobic conditions prevail. During the 2nd week, sources of NO and N20 are decoupled into different vertical layers of the soil. The second plausible explanation for the N20 isotope shift is that nitrification continues to be the most important process producing N20 during the whole 2-week period following irrigation, but the N20 produced from nitrification becomes more enriched with progressively limiting substrate availability (NH4+). We found excellent agreement comparing the variation in 151SN and 151SO of emitted N20 with the fraction of NH4 + remaining in the soil during the 1st week, with the same observations obtained in a study done using a chemostat culture of ammonium oxidizing bacteria [Ueda et al., 1999]. We therefore postulate that nitrogen isotope enrichment fractionation of N20 produced in soil systems with fertilizer-enhanced nitrogen pools is greater than for systems in which the substrate is at or near limiting levels. In other words, the product (N20) will always have the lightest 15N isotopic values when the amount of substrate (NH4 +) is unlimited. On the other hand, when nitrogen availability is limited, our results suggest that overall isotope enrichment for nitrification is less negative. In this limiting case the N20 isotopic composition is closer to the isotopic composition of its substrates.
Both hypotheses, the separation of nitrification and denitrification by depth and changes in the enrichment factor for nitrification depending on substrate availability, are plausible, and we cannot rule either out at this time. Changes in 15N positioning of N20 isotopomers can potentially reflect shifts in microbial metabolism that influence the N20 emissions from the soil and might provide information for differentiating between the two hypotheses. The average enrichment of ;515N in N20 produced on the irrigation day (-42%o) compared to the subsequent 3 days (-46 to -42%o) (Figures 2a and 3) is consistent with denitrification being a small contributor to N20 emissions on the 1st day, when soil WFPS was very high (0.86). The site preference (central minus terminal l•N abundance) of the N20 isotopomers on irrigation day (when denitrification is suggested by isotopic signature to contribute to N20 production) was lower by -•9%o than the value found 4 days later, when nitrification appears to be a more important contributor to N20 production. This would imply that nitriflers produce N20 more enriched in lSN in the central position than do denitrifiers. Although very preliminary, this observation suggests that microbial processes have a distinct positional dependence in their l•N fractionation, which may provide a valuable new and independent isotopic marker for distinguishing the processes producing N20 in soils. We were unable to collect sufficient N20 to measure the isotopomers during the 2nd week after irrigation; such measurements would certainly help to distinguish between the two hypotheses and should be emphasized in the future. (15•So-o2 = 0%0) and enriched by 22%0 to 30%o compared to soil water. This suggests that incorporation of oxygen from molecular 02 during N20 formation from nitrification is greater than that of oxygen from water. There are no published lSo enrichment factors for the NH4 + to N20 nitrification step. Because it is an oxidation process, the 151SO of N20 produced should be more depleted in lSO than the substrates (H20 and 02). However, we found that the lSo in the emitted N20 is en- tempts to constrain the changes in tropospheric N20 since preindustrial times using isotopes will require better characterization of the isotopic composition of all N20 agricultural sources.
